Introduction
Components in nuclear reactors are subjected to repeated thermal shocks induced by the mixing of coolants at different temperatures. Such thermal fluctuations result in locally constrained expansions or contractions. When these loadings are repeated over a large number of cycles, initiation and propagation of a crack network may be induced on the surface of components, which is called thermal striping [1] [2] . Thermal fatigue crack networks were observed on component walls made of AISI 316L(N) austenitic stainless steel in Sodium-cooled Fast
Reactors (SFRs) [3] and thermal fatigue has also been identified as the cause of a leak in the French Civaux
Pressurized Water Reactor (PWR) [4] . Thermal fatigue is therefore one of the major degradation mechanisms studied by the nuclear industry in the last decades [5] - [21] . Design codes (ASME or RCCM) deal with thermal fatigue by considering an equivalent resistance (i.e., mechanical strain amplitude) that can be compared to the strain fatigue curve built in with standardized isothermal and strain controlled mechanical fatigue tests [22] .
However, there is a need for validating such approaches by testing the material resistance in conditions as close to industrial situations as possible. A major part of the cited studies [5] - [21] are thus focusing on the development of original mocks-up and associated numerical models to first, obtain and analyze new experimental data, and second, evaluate if specific effects are to be considered in the design analysis of components submitted to thermal fatigue conditions. Thermal fatigue experiments generally consist in continuously heating a thick specimen up to a constant temperature, inside a furnace [4] [12] or by Joule effect [17] , and then prescribing cyclic thermal gradients by projections of thermal sprays of demineralized water or hot and cold sodium [5] [6] . Alternatively, cyclic thermal gradients can be prescribed with induction coils on tubular specimens by varying the external heat flux while the internal surface of the tube is continuously cooled by flowing water [7] [21] . However, these thermal loading methods may experience some spatial and temporal fluctuations of the heating/cooling sources, which limit the capacity to precisely identify the thermal loading responsible for crack initiation and propagation. The thermal loadings are determined by thermocouples welded on as many locations as possible of calibration specimens. Only a few of these thermocouples are kept in the specimen tested in thermal fatigue in order not to initiate cracks in their vicinity. This approach may be insufficient to precisely describe the history of the complete temperature fields, which is required to determine the induced mechanical fields by Finite Element simulations. This situation is particularly critical when the thermal loading is generated by thermal shocks since their small characteristic time produces large values of thermal gradients, and thus significant measurement uncertainties when the sensors are located away from the position where the thermal variations are the highest.
Furthermore, direct observation of fatigue crack initiation and propagation is generally not possible. Thermal fatigue tests are periodically interrupted to perform non destructive examinations, for instance with liquid penetrants, visual or optical microscopy observations [4] [9] [10] [12] [17] . Under some of these conditions, mechanical polishing is necessary to remove oxide layers [4] [12] [17] , and one should take extra care not to remove crack initiations with oxide layers. The morphologies of crack networks are thus generally characterized only at the end of the tests. To improve the quantification of crack initiations, ultra-sound detection has been selected as an in-situ damage characterization technique, but was not able to pinpoint the precise position or size of the cracking events on the sample surface [16] . If the surface of the sample can be protected from any oxide development, optical techniques (such as the Moiré interferometry and the electronic speckle pattern interferometry) may be applied to detect cracks during the cyclic loadings as reported for standard mechanical fatigue tests [23] [24] . Digital Image Correlation (DIC), as a non-contact method allowing in-situ full-field measurements to be performed [25] , has been widely applied to fatigue tests [26] - [32] . The determination of key cracking features can be direct and automated by post-processing displacement fields measured from 2D
images acquired during cyclic loadings. Crack propagation laws were determined considering the effect of specimen thickness on the crack closure behavior when using a microscope [26] , or evaluating directly the stress intensity factor (SIF) and the crack tip location by integrated DIC [27] . The experimental evidence of near-tip strain ratchetting with cycles was captured by Stereo DIC technique [28] . Mixed mode crack propagation in the vicinity of the crack tip was investigated using high resolution DIC [29] . While tracking single crack growth data is relatively straightforward, few studies have reported results on the detection of fatigue crack networks [30] - [32] . A unique feature of the current work is the effort made to monitor the crack initiation and propagation process via an original hybrid multiview correlation (HMC) system, which enables for a detailed in situ investigation of the formation of complex thermal fatigue crack networks.
Despite the aforementioned limitations, the basic idea of prescribing cyclic thermal shocks onto samples to assess the initiation and growth of thermal fatigue crack network is still a valid approach for evaluating thermal fatigue resistance. A new experimental setup, called FLASH whereby thermal fatigue is induced by pulsed laser or Helium jet, has been developed in order to perform megacycle thermal fatigue tests on the surface of AISI 316L(N) austenitic stainless steel samples [33] . temperature fields can be measured [36] and experimental strain or displacement fields can be used to challenge the capacity of Finite Element analyses to reproduce the thermomechanical cyclic behavior of the material in the region of interest. Equivalent mechanical strain variations such as Tresca amplitude can be extracted from the simulation results. One additional benefit of the spatiotemporal synchronization of the hybrid multiview system is that the entire fatigued region is monitored in-situ during the whole test, without interruptions, which enables crack initiation and propagation to be tracked thanks to the different modalities of the three cameras. With the Tresca strain variation, which is numerically estimated on the one hand, and the number of cycles to crack initiation obtained experimentally on the other hand, thermal fatigue results can be compared with the isothermal fatigue curve of the material or the design curve of the RCC-MRx design code [22] . To investigate the mean stress influence on the thermal fatigue life, a set of thermal fatigue tests coupled with static four-point bend loadings was also conducted. Qualitative and quantitative analyses of the morphology and the parameters of crack networks provide useful pieces of information on the mechanism of crack initiation and propagation under different loading conditions.
The paper is organized as follows. After presenting the experimental facility and the HMC framework in Section 2, thermal fatigue cracking features are investigated via HMC residual maps and IR frames acquired in-situ. The cracking mechanisms are explored post-mortem via optical microscopy and electron-backscattered diffraction (EBSD) analyses in Section 3. Last, the experimental findings of thermal fatigue along with finite element simulation results are discussed based on classical isothermal uniaxial fatigue results, other reported thermal fatigue data and the RCC-MRx design curve in Section 4.
Experimental procedure

Material
The studied material was an austenitic stainless steel of designation AISI 316L(N). The specimens were polished plates with dimensions 270  40  7 mm 3 . The material had an average grain size of 90 µm. The chemical composition is reported in Table 1 . 
FLASH facility
FLASH was designed with the purpose of generating localized cyclic thermal shocks with pulsed laser or Helium jets in order to reproduce in controlled laboratory conditions the typical thermal fatigue crack initiations observed on real components ( Fig. 1(a) ). The specimen ( Fig. 1(b) ) was put inside an airtight chamber filled with Helium atmosphere in order to eliminate excessive oxidation for the following reasons. First, the surface emissivity would be altered, which would affect both IR temperature measurements and the speckles to enable for DIC analyses. Second, such change of surface states would also influence the heat exchange conditions between the specimen surface and the laser beam (absorptivity) or Helium atmosphere (convection). Third, oxidation may induce changes in cracking mechanism for fatigue tests. The specimens were continuously heated by an electrical current (Joule effect) until their center reaches 400°C, a level (controlled by a K-type thermocouple welded in half-thickness at the center of the specimens) representative of the cold primary sodium temperature.
The thermal loadings were performed by a pulsed laser (TruPulse 156, Trumpf, λ = 1064 nm, Fig. 1(c) - (1)) on the center of specimen surface at a frequency of 1 Hz. The pulse duration was 50 ms, and the incident pulsed power was adapted to obtain the desired temperature variation on the specimen surface. A focusing optics allowed a top-hat power density distribution to be obtained over a 5-mm in diameter disk. Due to the relatively low absorptivity of the polished and pre-oxidized surfaces, the laser beam was tilted to be reflected toward a power detector that gave access to the mean power reflected by the specimen surface. Static 4-point bend loading can be added so that the thermally shocked region will be subjected to a non-zero mean uniaxial tensile stress in the longitudinal direction of the specimens (Fig. 2) . The loading is applied by the relative vertical translation of two upper ceramic rollers versus two lower ones. These ceramic rollers, 12 mm in diameter and 42 mm in length, are free to rotate about their axis. 
Experimental protocol
In order to have enough gray level contrast for the hybrid multiview correlation (HMC) procedure and to augment slightly the emissivity of the polished surface to ease IR temperature measurements, the specimens were heated up to 500°C for 3 days in air, which produced very thin (a few micrometers at most) random speckles due to pre-oxidation. Then Vickers hardness prints were applied all around the zone that would be impacted by the laser beam to serve as additional "speckles" for the HMC algorithm as well as landmark points for microscopy observations after the fatigue tests. With a typical load of 30 N, the mean hardness of the type 316L(N) steel was 165HV3, which corresponded to an average length of the indent diagonal of 180 µm, and a depth of the order of 25 µm.
The thermal fatigue tests were performed in Helium atmosphere (injected in the chamber after secondary vacuum was applied). The specimen was continuously heated by Joule effect until its center reached 400°C, a temperature representative of that in primary circuits of SFRs. In order to investigate the mean tensile stress effect, static bend loading can be coupled with cyclic laser pulses. A minimum force of 400 N (equivalent to 15
MPa tensile stress) was applied in order to avoid any rigid body motions that might occur during the tests. Then the laser pulses were activated and the instantaneous power was increased in the very first cycles in order to reach the desired temperature variations. Thanks to the very stable emission of the laser beam on the one hand, and the absence of any major modification in the absorptivity/emissivity of the surface protected by Helium atmosphere on the other hand, no additional modifications of the laser power were necessary to achieve stable temperature variations over very large numbers of cycles. All three cameras were synchronized with an acquisition frequency of 60 Hz, for one cycle of thermal loading, three images were acquired for the first 50 ms during which the laser pulse was activated (Fig. 3) . Fig. 3 One loading thermal cycle measured by the fast large-band pyrometers, during which 60 images (green points) were acquired. f represents the reference state just before the activation of the laser pulse, and g the deformed state at the end of the laser pulse
At the end of the tests, the damaged surfaces were observed via optical microscopy. The morphology, orientation, length and density of cracks were studied and analyzed. One specimen was cut transversely in order to investigate the in-depth development of thermal fatigue cracks by optical microscopy observations and EBSD analyses.
Thermal fatigue cracking
First, it is necessary to define different scales of fatigue cracks; the same considerations as in Ref. [37] are adopted in this study. The microscale corresponds to stage I of the fatigue process, where short cracks develop and interact with the material microstructure. At this scale, microcrack growth is dominated by the microstructure and the crack surface morphology. The cracks are often stopped at grain boundaries and are shorter than 90 µm (i.e., the characteristic crystal size). Then, the second stage corresponds to the propagation of mesocracks that do not stop on microstructural obstacles. A mesocrack is defined when its size is at least equal to 200 µm. Last, the third scale is concerned with the coalescence of mesocracks that form macrocracks.
DIC is a widely used full-field measurement technique in experimental mechanics [25] . Multiview correlation, which was applied herein, is a global approach based upon the gray level conservation between a time series of images of the observed surface captured by multiple cameras, allowing a 3D surface shape (and its changes) to be measured [38] . The framework of the hybrid multiview correlation (HMC) system consists in two major steps:
(i) calibration of three cameras in addition to the calibration of the IR camera to be able to transform Digital Levels (DL) into temperatures of the sample taking into account the surface emissivity; (ii) measurement of thermomechanical fields during cyclic thermal loading. The method used and the experimental challenges associated with the HMC measurements are described in Appendices A and B. In the present work, the residual maps of hybrid multiview correlation (HMC) were exploited to detect and quantify fatigue damage.
Images were regularly acquired during the fatigue tests. Since different cameras were used, a lot of information could be retrieved thanks to their multimodality as the fatigued sample surface appeared with different contrasts in each camera with respect to their relative positions to the light source, the working wavelength ranges, and the sensitivities to speckles. In the following, a straightforward approach was applied by exploiting the residual maps (residuals consists of image differences after registration, and they reveal features that cannot be accounted for by the considered kinematics) of the three cameras for the same number of cycles in order to detect any possible morphology changes or presence of cracks. The image analysis was carried out by performing HMC to register the images just before the laser activation (i.e., reference states denoted as f in Fig. 3 ) and the images at the end of the laser pulse (i.e., deformed states denoted as g in Fig. 3 ) for the same loading cycle during the fatigue tests.
Plastic activity prior to initiation
One characteristic feature of fatigue tests is strain localizations in the form of persistent slip bands (PSBs) appearing very rapidly on the surface. Numerous studies have proven that the presence of PSBs causes fatigue crack initiation [39] - [42] . Microplasticity is the most important mechanism in HCF, namely, a significant part of the fatigue life is spent before initiation during which period surface topography changes are the only observable features [43] - [45] .
In the test conditions, say for an amplitude ΔT = 160°C, significant surface roughness occurred but no mesocrack was detected after 10 6 cycles with superimposed tensile stress (15 MPa or 50 MPa). The correlation residual field proved to be a powerful tool to detect crack network [32] . The same technique was applied herein in order to evaluate the surface changes by exploiting the deviation to gray level conservation between the reference and deformed states. For example, when HMC with three cameras was performed to measure displacement fields at the beginning and the end of laser pulses as shown in In this section, the residual maps of the three cameras during one loading cycle are exploited in order to detect crack initiation and propagation for the specimen K46T8-21 that was loaded with a temperature range of 180°C coupled with a static mean tensile stress of 50 MPa. Thanks to the specific calibration stage coupled with the appropriate synchronization of the hybrid multiview system, the same reference in space and time is shared by the three devices.
When the specimen surface is intensively heated by the laser beam, the temperature of the impacted zone increases rapidly compared to the one of the surrounding zone and inner core material that stays almost constant.
Thus the free expansion of the impacted zone is hampered, which results in mechanical compression that closes cracks in the configuration corresponding to the maximum loading level (state g in Fig. 3 ). Conversely, due to the cyclic plastic behavior of the material, a residual in plane bi-axial tension stress remains when the plate is cooled down by convection and conduction to its initial and homogenous temperature state just before the next loading cycle (state f in Fig. 3 ). This biaxial residual stress field opens the cracks. Hence searching for the differences between these two load levels at the same number of thermal cycles appeared to be an appealing way to detect the presence of cracks. Figure 6 shows the residual maps of PCO (a,d,g,j), MIRO (b,e,h,k) and IR (c,f,i,l) cameras where the gray levels are limited to 10% of their dynamic range in order to highlight the faint differences between images. The final surface was observed by optical microscopy (Fig. 7) . The main cracks exhibit tortuous paths with many branches, and are surrounded by several smaller cracks and slip bands. 
Formation of crack networks
For all tested specimens, under low temperature ranges (i.e., 180°C and 170°C), only few sites were able to develop surface cracks. When the temperature variation was higher, say 230°C, many cracks initiated on the specimen surface, and a crack network composed of several major cracks surrounded by smaller cracks developed (Fig. 8) . The crack network covered entirely the thermally shocked region. Moreover, many dense slip systems were observed. Compared with the crack network displayed in Fig. 7 (T = 180°C), the cracks were more numerous, much shorter and wavier when T = 230°C. where a pulsed laser beam serves as a probe to scan the sample surface. Then, post-processing the raw thermal images to obtain the maximum thermal contrast images is necessary to detect the presence of defects. The same idea was shared in the present work except the fact that a high contrast thermal image was naturally present. The cracks were open when the laser beam was shut down. Therefore, the IR frames expressed in the parametric space of the observed surface were an interesting information from which the initiation and propagation of cracks were directly evidenced during fatigue tests. Figure 9 shows IR frames just before the activation of the laser beam (state f in Fig. 3 ) expressed in the parametric space for different numbers of cycles. The bright spots correspond to oxides. The equally spaced dark points in the corners correspond to micro-hardness indents. Several cracks initiated almost simultaneously in the central part after 5,600 cycles, and began to propagate after 7,200 cycles. Then, more cracks initiated, and the former ones coalesced between cycles 11,400 and 14,300. Last, the cracks stopped when they reached the periphery of the central zone after 21,600 cycles. Crack shielding was also observed, namely, the growth of small cracks that were parallel to adjacent dominant ones were stopped (see crack at position (X, Z) = (-0.5, 4) mm that initiated after 5,600 cycles and then was shielded at cycle 18,000, Fig. 9 (e)). Table 2 summarizes the test conditions and numbers of cycles to initiate at least one crack with a 200 µm length for a set of 12 samples. Only three tested samples did not initiate any crack. Two fully-developed crack networks were detected for high thermal amplitudes (i.e., T = 230°C). The complete scenario of the thermal fatigue cracking process can be understood thanks to the hybrid multiview system, and in particular the IR frames proved to be a powerful tool to track all the cracks. Each cracked sample was characterized according to three quantitative parameters, namely, the propagation length of the first crack, the crack density and the crack branch orientation.
Morphological parameters
With HMC, the thermal fields were expressed in the parametric space in millimetric scale, and an automatic procedure was developed to perform the measurements of the crack lengths by saving the coordinates of crack tips with respect to different numbers of cycles for each specimen. Figure 12 shows the first crack length for all cracked samples. The first individual crack was tracked until coalescence with other cracks occurred. Cracks were formed with fewer applied cycles as the temperature amplitude increases. Despite the experimental scatter, slightly higher crack growth rates were observed when T = 170°C and 180°C with a higher mean tensile stress.
This trend was not observed for the samples when T = 230°C, since multiple cracks were initiated almost simultaneously and coalescence took place rapidly. Conversely, cracks initiated in a consecutive way under low temperature amplitudes (i.e., T = 170°C and T = 180°C), often the first and dominant crack initiated and propagated over large distances before the other cracks appeared in the laser impacted region. Fig. 12 First crack lengths as functions of the number of cycles, the temperature variation and mean tensile stress Figure 13 reports the change of the crack density on the surface with the number of cycles. The IR frames, which are expressed in the parametric space, were exploited for all cracked samples. Every single crack was tracked and measured by analyzing the crack paths with respect to the number of cycles. The crack density is defined as the ratio of the total cumulated crack length to the area where the temperature variation is the highest. The spatial power density of the laser beam was prescribed by a top-hat heat flux on the central zone of the specimen surface [34] , which was an elliptic region with a uniformly distributed temperature field (Fig. A. 2(a) ). The crack networks developed and stabilized within this region with a surface area of 9 mm 2 . It was observed that the density increased with the temperature range. Higher thermal loadings were more favorable to initiate and propagate cracks. For lower thermal loadings, cracks were sparsely distributed. By taking the average value for the same loading condition, the presence of a higher mean tensile stress (of amplitude 50 MPa) slightly increased the crack density and accelerated the crack growth process. Fig. 13 Change of the crack density with the number of cycles, the temperature variation and mean tensile stress
The distribution of crack orientations with respect to the level of mean tensile stress is the third morphological parameter to be studied. During the early stage of fatigue test, the first mesocracks were randomly distributed and developed individually before the coalescence occurred. Each crack was approximated by a segment by means of best linear fit, and the angle between each segment and the direction of the mechanical loading axis was measured to build the orientation histogram reported in Fig. 14(a) . There were a total of 23 and 32 mesocracks for mean tensile stresses equal to 15 MPa and 50 MPa, respectively. For both cases, the mesocracks were observed over a wide range of orientation. For the thermal loadings coupled with a 50 MPa mean tensile stress, there was a clear preference for the cracks to initiate along the orthogonal (90°) rather than the principal axis (0°). Remembering that the thermal loadings prescribed by the laser shocks onto a relatively cold plate induce bi-compressive stress states [56] , one can consider that a mean bi-compressive stress was present in our thermal fatigue tests. However, the elastoviscoplastic behavior of AISI 316L(N) austenitic stainless steel limited the development of such mean compressive stress, and the clear opening of cracks in the absence of laser beam was an evidence of residual bi-tensile stress. Constrained thermal strains of a small region of the specimen almost correspond to strain controlled cyclic loadings of the material which eventually leads to partial mean stress relaxation. The addition of a small static bending mean stress in the principal axis (0°) direction may have compensated this remaining compressive mean stress due to thermal loading. When the static bending stress increased to 50 MPa, a mean cyclic tension stress should be present in the area impacted by the laser beam, promoting thus crack initiation in the orthogonal direction (90°).
With more cycles applied, many distributed cracks coalesced. Due to crack shielding [57] , crack deflection and bifurcation occurred during the propagation process resulting in tortuous crack paths. A triple point is the connecting zone shared by several crack branches. These triple points were created by the coalescence of two cracks or the bifurcation of one propagating crack. First, these triple points were eliminated to retrieve separate crack branches. During this procedure, there was a total of 51 and 105 branches for mean tensile stresses equal to 15 MPa and 50 MPa, respectively. This observation implies that a higher mean tensile stress promotes crack branching and coalescence. It is explained by the fact that a denser crack network was formed with a higher mean tensile stress (Fig. 13) , hence crack shielding was much more potent. The same method was applied to obtain the distribution of crack branch orientations of the final network ( Fig. 14(b) ). In general, no clear preference of crack orientation seemed to appear for the final saturated crack networks regardless of the mean axial stress applied to the specimens. At most, an increase of the probability of finding cracks in the orthogonal (90°) direction in comparison to the principal axis (0°) when the value of the mean stress increased. This result needs to be confirmed by other experiments. This apparent absence of preferential orientation for crack initiation and propagation was mainly due to the fact that, on the one hand, the thermal loading prescribed by the laser beam corresponded to an almost perfect biaxial state of stress, and on the other hand, the increase of applied mean axial stress from 15 to 50 MPa might not be high enough to induce significant changes in final crack orientations.
(a) (b) Numerous experimental studies have proven that environmental effects such as oxidation complexify the mechanisms of crack initiation and promote crack propagation in thermal fatigue [58] - [62] . For one sample under a temperature amplitude of 170°C, the test was interrupted at the following numbers of cycles: 6, 16, 26, 42, 58, 80 and 169 kcycles in order to carry out optical microscopy observations for detecting changes in surface topography. One first observation is that no excessive oxidation occurred on the loaded surface during such a long experiment thanks to the Helium atmosphere, which indicates that cracking was purely driven by the thermal loadings.
Initiation site
The hybrid multiview system enables the fatigue crack initiation and propagation steps to be monitored and quantified. The exact location of initiation sites can thus be determined. The surface topography around the initiation site was analyzed via differential (Nomarski) interference contrast microscopy (Fig. 15) . The initiation site exhibits a cyclic plastic zone with an intense distribution of slip lines. The crack path was parallel to these slip lines (see red box), then propagated across the slip lines along with favorable microstructures (blue box). This is typical of transgranular cracking initiated from plastic strain localization in slip bands during cyclic loading. Fig. 15 Crack initiation parallel to slip bands (red box), and propagation perpendicular to slip bands (blue box) observed by differential interference contrast microscopy, the exact initiation site is indicated by the red star
The surface had randomly distributed machining lines (Fig. 15 ), which were observed (Fig. 6 ) in the MIRO residual maps. One may wonder whether such machining defects might influence or trigger crack initiation along specific directions. Further, the point defects on the fatigued surface (e.g., black spots in Fig. 8 ) may also make initiation easier. All the tested specimens were observed post-mortem via optical microscopy. There was barely any correlation between the crack path and the machining defects, and only 2 crack branches were actually related to point defects among a population of 156 branches, which means that crack initiation and propagation were primarily fatigue driven exploiting the favorably oriented material microstructure.
In-depth shocked region
To assess the crack depth, one sample was cut and polished in order to reach the initiation site (Fig. 15) where the crack opening was the largest, and thus assumed to propagate the most through the thickness. By chemical etching with oxalic acid, the in-depth propagation of the dominant crack was revealed in Fig. 16(a) . Ferrite (black elongated phase) was randomly distributed along the rolling direction but these microstructural obstacles did not seem to have any influence on the propagation path. The crack path was tortuous. The depth was 730 µm in comparison with a surface length of 2.6 mm, which has a depth-to-length ratio of 0.28. The crack initiated on the surface, then penetrated into the bulk of material. The in-depth region thermally affected by the laser beam exhibited the same intense distribution of slip bands with multiple orientations as on the surface (blue box of Fig.   16(b) ). Conversely, beyond a certain penetration depth, the material was unaffected and free of such plasticity feature as shown in the green box of Fig. 16(b) .
EBSD measurements were used to define grain boundaries, identify phases, and follow the path of the crack in the material bulk. To eliminate the effect of surface hardening induced during mechanical polishing, which would reduce the accuracy of lattice orientation indexation, the specimen was electrolytically polished beforehand with perchlolic acid. The studied region contains 133 grains, and about 1% of the area indexed as BCC (ferrite) iron. Figure 16(c) shows the distribution of crystallographic orientations with respect to the rolling direction. Starting from the surface, the crack propagated into the material in a transgranular manner all along the path, which seemed not to depend so much on the grain orientation at least after a few grains crossed from the surface. High angle grain boundaries (indicated in black) and special boundaries with misorientation angles around 60° with respect to the {1 1 1} planes, i.e. the coincidence site lattice (CSL), 3  -twins (indicated in red)
could be recognized by means of the EBSD analysis ( Fig. 16(d) ). The distribution of 3  -twins was isotropic inside the material, which indicated that the CSL 3  -twins were mainly induced by the hot annealing processing. The cross section was examined thoroughly by optical microscope. The region affected by the laser beam was defined as the cracked zone for which plasticity was activated. The measurements performed by optical microscopy revealed slip bands only distributed within a semi-ellipsoidal region, whose diameter was equal to 5300 µm, and its depth was as high as 750 µm. This observation is in good agreement with FE simulations of the test [35] . The plastic strain field was predicted with a penetration of 1 mm, and spanned over a disk 6 mm in diameter for the external surface (Fig. 17) . The relatively shallow penetration in the material is related to the 50-ms duration of the laser pulses. The experimental observations under current conditions exhibit the same tendency compared with experimental results obtained with a former thermal fatigue facility where the cracks were scarcely found beneath 1 mm surface layers [17] . It is concluded that the cracks that initiated and propagated with such a thermal fatigue loading cannot penetrate much deeper. 
Fatigue analysis
In order to compare thermal fatigue results with isothermal uniaxial mechanical fatigue data and other reported thermal fatigue data, an equivalent loading parameter is needed. Thermal stresses arising from thermal shocks depend on the local expansions and contractions of the surface layers relative to the bulk of components, which are frequently strain-controlled [2] . Since the out-of-plane strain variation was not experimentally accessible during thermal fatigue tests, the equivalent Tresca strain variation extracted from thermomechanical simulations was computed in order to interpret the thermal fatigue experiments with equivalent strain variations built from strain tensors.
A 3D thermomechanical model was implemented in order to simulate the thermal fatigue tests performed in the FLASH facility [34] [35] under the assumption that the thermal and mechanical loadings were uncoupled, since the self-heating due to plastic deformation was negligible compared to the thermal loading. Hence, two uncoupled computations were carried out: once the cyclic history of temperature at the shocked center was stabilized, then the temperature field was implemented into the thermomechanical calculation to model the mechanical response. The temperature distribution was identified by experimental measurements. All physical and mechanical properties (e.g., thermal conductivity, Young's modulus, coefficient of thermal expansion, specific heat capacity) were chosen from data reported in the French design code RCC-MRx with their appropriate temperature dependence [22] . The stresses and strains were computed by selecting a nonlinear kinematic hardening model [63] with parameters calibrated with push-pull cyclic tests for the studied material at 400°C and 500°C [64] .
The histories of temperature, out-of-plane displacement and strains were experimentally measured via HMC in the central zone of the surface impacted by the laser spot. The global tendency of simulated mechanical responses was well reproduced along the principal directions of the specimen surface. In particular, the measurements were of the same order of magnitude as numerical predictions [36] . This was also the case for the in-depth shocked region that is well predicted by the simulated plastic strain field (Section 3.5.3). All these comparisons between experimental measurements and numerical predictions validate the present framework.
Consequently, the numerical model can be used to extract the equivalent resistance of thermal fatigue results.
The Tresca equivalent plastic strain range was calculated by
with
where ν is the Poisson's ratio equal to 0.5 for plastic calculation.
The number of cycles to "initiate" 200-µm cracks in thermal fatigue tests, Ni, is deduced from the first crack propagation curve shown in Fig. 18 . Combining these two pieces of information, the thermal fatigue results performed on the FLASH facility (star symbols) can be compared with other fatigue data. For the 316L(N) austenitic stainless steel tested with the FLASH facility, uniaxial fatigue tests were performed in air at 400°C, 500°C and 550°C. For the latter experimental results, the ordinate of the plot is the uniaxial strain variation (approximated by the equivalent Tresca strain), while the abscissa Ni denotes the number of cycles to get a 25% decrease of the maximum stress in push-pull fatigue tests performed on 8-mm cylindrical specimens [64] shown as orange hollow triangles. To estimate the environmental effect, results of uniaxial fatigue tests in vacuum of a 316L type austenitic stainless steel denoted 17-12 SPH were also extracted from Ref [65] (blue solid triangles). The reported thermal fatigue data are in very good agreement with classical fatigue test results considering both environmental effect and grade influence, and are all located well above the design curve of the RCC-MRx code.
Besides, FLASH results show higher numbers of cycles to initiation compared with uniaxial isothermal fatigue tests under the same strain range (0.32 %, 0.52 %, 0.6 % and 0.8%) despite the large scatter for high cycle thermal fatigue. This difference may result from the mean bi-compressive stress state induced by hot thermal shocks, which is favorable to fatigue resistance and decelerates crack growth [56] .
Furthermore, the influence of an additional mean uniaxial tensile stress on number of cycles to initiation of FLASH results is not very pronounced. The mean stress due to thermal hot shocks was predicted to be about 25
MPa by FE simulations [35] run with a nonlinear kinematic hardening model [63] . By simple superposition, a uniaxial mean tensile stress of +50 MPa may not promote so much crack initiations, and one should increase the value of this static mean stress to observe more significant effects on both the morphology of crack networks (see Section 3.4) and the number of cycles to crack initiation. Last, for thermal loadings with an amplitude of 160°C, which leads to an equivalent strain range of 0.47 %, there was no crack initiation with any level of coupled mean tensile stresses after one million cycles, even though an extremely dense distribution of slip bands and microcracks were observed (Section 3.1). This level may be used to define the endurance limit in thermal fatigue of AISI 316L(N) under the current experimental conditions.
Three types of thermal fatigue results on austenitic stainless steels reported in literature are compared with the FLASH results in Fig. 18 . FAENA results [6] were obtained on tubular specimens made of 316L(N) and submitted to alternative injections of hot and cold sodium jets at constant frequencies. The temperature distributions on the structural surfaces were simulated, and then an equivalent strain range was computed as a function of the distance to injection nozzles from a thermoelastic simulation. An experimental inspection of the location where crack initiations occurred allowed for the determination of which strain range was responsible for crack initiation at a given number of cycles. The reported FAENA data (green solid circles) are very close to the FLASH results, which means that for the same type of material under inert environment, the different approaches to thermal fatigue testing are in very good agreement. The equivalent strain range was obtained by performing thermo-elastoplastic simulations for FAT3D and SPLASH facilities [14] , where the thermal loadings were determined from thermocouple signal monitoring. The FAT3D tests consisted in cyclically projecting a water spray on the inside surface of a 316L tubular specimen heated by a furnace. The number of cycles to initiate 2-mm cracks was determined by visual inspection [4] . Last, the SPLASH tests consisted in heating up by Joule effect parallelepipedic specimens made of 304L up to a constant temperature, and then cyclically submitting a small region of one face to thermal shocks with water spray guns. The number of cycles to initiate 50-150 µm cracks was determined from observations with optical microscopy [17] . FAT3D and SPLASH results are indicated in Fig. 18 by black hollow and blue hollow circles, respectively. In general, FLASH results showed a higher number of cycles to initiation compared to the above two tests. Such large discrepancy may partly result from the fact that the cyclic thermal loadings of FLASH were hot shocks, which induced compressive residual stress contrary to that of the quenching on FAT3D and SPLASH tests. Moreover, as argued in Ref [14] , apart from the environmental effect due to water spray (water + air), one major reason for the non-conservative results came from the determination of the thermal loading, especially for the SPLASH facility where the temperature measurements were unstable and the thermal loadings might have been underestimated during long periods of high cycle thermal fatigue tests. One should note that fatigue data depend on various parameters, such as the material grades, environmental conditions, loading approaches, and the mechanical model or experimental measurements to deduce the fatigue resistance, hence such comparisons require special care before drawing definitive conclusions.
Conclusion
The AISI 316L(N) austenitic stainless steel was investigated in thermal fatigue tests under a variety of thermal loading conditions in the FLASH facility. An original monitoring procedure based on a hybrid multiview system allowed fatigue crack initiation and propagation events to be tracked in-situ. Based on the observed experimental results and the performed analyses, the following conclusions were drawn:
 The thermal fatigue loading conditions strongly affected the number of cycles to initiation as well as the crack network morphology. A high temperature variation resulted in a dense crack network composed of relatively short cracks, as opposed to only a few long cracks in small temperature amplitude tests. A small mean tensile stress had no significant effect on the number of cycles to initiation. Conversely, it seemed to lead to a denser network, and accelerated the crack propagation process.
 Multiple slip systems were activated by the multiaxial loading induced by thermal shocks. Crack initiation occurred along slip lines. Transgranular paths were observed both on the surface and in depth.
A typical depth-to-length ratio of 0.28 was obtained for thermal fatigue cracks created by 50-ms time duration cyclic hot shocks. 
Appendix A. Calibration of HMC system
Before performing thermal fatigue tests, and in order to ensure accurate temperature measurements on the surface area of the austenitic stainless steel plate during the tests, the infrared camera and the two pyrometers were calibrated [34] . 
where Signal represented the digital levels (DL) for the IR camera or the output voltage of the pyrometer and T was the surface temperature of the specimen (in Kelvin). Prescribed steady-state values of specimen temperatures (controlled by K-type thermocouple) from 400°C to 650°C by steps of 25°C in Helium atmosphere were used for the calibration procedure. The unknown value of surface emissivity was hence directly taken into account in the values of the parameters. The interested reader will find additional details on the IR camera calibration in Ref. [36] .
To achieve spatial coincidence of three modality imaging devices, the hybrid multiview system composed of two visible light cameras and one infrared camera was calibrated by using a 3D open-book target at room temperature. It is made of aluminum alloy, which was used for the calibration of the stereovision setup for an ultrahigh speed experiment [66] , and then used for the calibration of the stereovision system of the first configuration of the FLASH facility [67] . The size of both plates that constitute the open-book target was 30 x 30 x 14 mm 3 , and the opening angle between these two plates was 132°. The pattern on each plate was made of regular white and black squares of size 2.5 x 2.5 mm 2 engraved by laser marking.
The observed surfaces (i.e., the calibration target and the specimen surface) were described by their CAD (Computer Aided Design) model. The numerical model then becomes the master information that is decorated by a specific texture, which is captured by multiple imaging modalities due to the different wavelength ranges and sensitivities of the three devices. The position and orientation of the calibration target with respect to the specimen surface was optimized in order to capture the whole laser beam in the Region of Interest (ROI) defined by the area covered by nine squares in the central part (Fig. A. 1(a) ). In the present work, the thermomechanical and residual fields share a common ROI of size 6.8 × 7.5 mm 2 located in the center of the specimen. A. 1(b)) ( , ) = ( , , ), which was defined in the parametric space ( , ) as [68] ,, 00 ,, 00 ( ) ( ) ( , ) ( The measurement uncertainties were also estimated at this same initial instant, by exploiting ten images acquired simultaneously by each camera with an acquisition frequency of 60 Hz. HMC analyses were conducted by correlating all the images in a permutation cycle, i.e., the 3D displacement fields and 2D strain fields between the subsequent images with respect to the first images were measured; then the same procedure was applied by taking the second images as the reference state with the following deformed ones, and so on. Then the standard deviations of the 10 temperature measurements and the 45 kinematic measurements were calculated in order to quantify the global uncertainty of the measurement considering the noise of image acquisition and digitisation, machine vibration, and the uncertainty related to the HMC algorithm [36] . The average values of the standard deviations were 0.05°C, 0.75 µm, 0.8 µm, 0.73 µm, 1.8 × 10 -4 and 7.8 × 10 -5 for ( ), ( ), ( ), ( ), ( ) and ( ) respectively (see Fig. A. 1(b) ) for the definition of direction X, Y and Z). The HMC outputs have very small uncertainties for temperature measurements, and enable micrometer displacements and 100 µ-strains to be assessed.
One typical measurement of thermomechanical fields of fatigue test applied by the laser beam is shown in Fig. A. 2. The Lagrangian temperature field at the end of a laser pulse measured thanks to the IR camera is shown in Fig. A. 2(a), which corresponds to a temperature variation of 170°C. The 3D mechanical response of the material under such thermal loading is illustrated in Fig. A. 2(b-d) . The in-plane displacement fields reveal a biaxial expansion and the out-of-plane component shows a hump in the center of the laser beam, which follows the prescribed temperature distribution. The out of plane (UY) component reaches 7.5 µm, which is higher than the in-plane components, whose level is 2.5 µm. This distribution is consistent with the mechanical response induced by thermal shock onto a free surface [2] . 
